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Castor  seed  oil  contains  90%  ricinoleic  acid  which  has  a wide  range  of industrial  applications.  Improvement
in  oil  content  would  be of great  beneﬁt  to castor  growers  and  oil  processers.  Two  cycles  of phenotypic
recurrent  selection  were  conducted  through  screening  for  high  oil  content  castor  seeds  using magnetic
resonance  spectroscopy  (NMR).  Selection  increased  mean  oil  content  of  a  base  population  (Cycle  0)  of
cultivar  Impala  from  50.33%  to 53.87%  in Cycle  1  and  54.47%  in Cycle  2. Gains  from  Cycle  1 and  Cycle
2 were  3.54%  and  0.6%,  respectively.  The  small  gain  in the second  cycle  indicated  a genetic  ceiling of
oil  content  or the  genetic  variability  of  the base  population  was  extensively  explored.  Nevertheless,  the
54.47%  mean  oil  content  of Cycle  2  ranks  the selected  material  in the top  1% of  the  entire  1103  castorecurrent selection
agnetic resonance spectroscopy
il content
eed weight
accessions  maintained  at United  States  of  Department  of  Agriculture.  As a  result  of  the  recurrent  selection,
we found  average  seed  weight  was  also increased  from  0.44 g  in  Cycle  0  to 0.50  g in  Cycle  1 and  0.54  g
in  Cycle  2.  Correlation  between  oil  content  and  weight  was  moderate  (r = 0.43,  p < 0.0001)  in  Cycle  0,  and
strong  in Cycle  1  (r = 0.63,  p <  0.0001)  and  Cycle  2 (r =  0.77,  p  < 0.0001).  To  our knowledge,  this  is the  ﬁrst
report  of utilizing  NMR  and  recurrent  selection  for  improving  oil content  in castor.
Published  by  Elsevier  B.V.  This  is  an open  access  article  under  the  CC  BY  license  (http://. Introduction
Castor (Ricinus communis)  is an important oilseed crop of
uphorbiaceae family. Castor oil contains an uncommon hydrox-
lated fatty acid, ricinoleic acid (or 12-hydroxyoleic) at 90% high
oncentration. The hydroxy group imparts unique chemical and
hysical properties that make castor oil a vital raw material for
anufacturing numerous industrial products, such as high lubric-
ty lubricants and greases, a variety of polymers traditionally made
y petroleum-based products for various coatings, elastomers and
lastics, and an array of castor oil derivatives utilized in cosmetic
ndustry (Caupin, 1997; Sharma and Kundu, 2006; Johnson, 2007;
utlu and Meier, 2010). Besides, castor has recently drawn atten-
ion for biodiesel production because of its high seed oil content
∼48%), potentially high oil yields (1250–2500 L ha−1), and its abil-
ty to grow on marginal lands and semi-arid climate as non-food
rop (Severino et al., 2012).
Improvement of castor cultivars by increasing the oil content
ould be of great beneﬁt as it contributes to oil yield and makeshe production more cost competitive. Sprague et al. (Sprague
t al., 1952) demonstrated that the oil content can be increased
hrough oil content phenotypic recurrent selection. The application
∗ Corresponding author.
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ttp://dx.doi.org/10.1016/j.indcrop.2016.09.020
926-6690/Published by Elsevier B.V. This is an open access article under the CC BY licencreativecommons.org/licenses/by/4.0/).
of nuclear magnetic resonance spectroscopy, hereinafter desig-
nated “NMR,t¨o nondestructively achieve analysis of oil in living
seeds (Conway and Earle, 1963; Rubel, 1994), or even in a single
seed (Bauman et al., 1963), allows quick selection of seeds and the
selected seeds can be directly planted after measurement. Single
seed recurrent selection has been demonstrated to be an effective
method to increase seed oil content in a number of species such
as maize (Lucas et al., 2013), soybean (Feng et al., 2004), and oat
(Frey and Holland, 1999). We  describe here the ﬁrst time oil con-
tent improvement in castor through recurrent selection based on
screening individual seeds using NMR.
2. Materials and methods
2.1. Plant material and growth condition
The base population was bulk castor seeds, Impala cultivar,
purchased from outsidepride.com (www.outsidepride.com). In a
greenhouse, individual seeds were germinated in 4” pots contain-
ing peat-vermiculite growth mixture (Sunshine mix #1, Planet
Natural, Bozeman, MT), and seedlings with 4 true leave were trans-
ferred to 5-gallon pots supplied with complete fertilizer (20:20:20
of N:P:K, Peter’s Professional, the Scotts Company, Marysville,
Ohio) at electrical conductivity (EC) of 2–3 mS/cm throughout the
remaining time of plant growth. The greenhouse was  controlled at
temperatures ranging from 18 to 28 ◦C (night/day) under a 15/9 h
se (http://creativecommons.org/licenses/by/4.0/).
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Table  1
Cycle means, standard deviation (SD), minimum (min), maximum (max), and correlation (r) between oil content and weight.
number of seeds oil content (%) seed weight (g) r (p < 0.0001)
population mean ± SD min–max (%) mean ± SD min–max (g)
.13–57.49 0.44 ± 0.06 0.30–0.56 0.43
.34–58.65 0.50 ± 0.06 0.34–0.65 0.63
.26–59.16 0.54 ± 0.06 0.34–0.71 0.77
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Cycle  1 770 53.87 ± 1.93 44
Cycle  2 1859 54.47 ± 1.62 45
day/night) photoperiod with light supplemented by metal halide
ighting at an intensity of 1000 to 1250 einstein m−2 s−1.
.2. Oil content analysis
The percentage of oil in a castor seed was determined with
 mini-spec mq10 nuclear magnetic resonance (NMR) analyzer
Bruker Optics Inc., Houston, TX, USA). The mini-spec was cali-
rated by linear regression of NMR  signals to weighed samples of
ure castor oil following a general protocol provided by Bruker.
ach single castor seed was weighed and placed in the NMR  tube
nd then measured against the calibration curve to determine the
il content. Calibration standards and seed samples were tempered
t 40 ◦C for 2 h before NMR  measurement. The mini-spec was oper-
ted at a resonance frequency of 9.95 MHz  and was maintained at
0 ◦C. Each measurement takes about 15 s. The numbers of seeds
nalyzed in Cycle 0, 1, and 2 were 233, 770, and 1859, respectively.
op 30 seeds with highest oil content from Cycle 0 or Cycle 1 were
elected and planted. The germination rates were 100%, so 30 plants
rom Cycle 0 or Cycle 1 were grown to produce next generation of
eeds. Seeds harvested from the 30 plants from Cycle 0 or Cycle 1
ere pooled and analyzed, only defected seeds aborted immaturely
ith light seed coat color were excluded in the analysis.
. Results and discussion
Castor reproductive organs include a racemic, monoecious inﬂo-
escence, with male and female ﬂowers blooming asynchronously.
aturally, seeds are produced through a mixed pollination system
hich can be selﬁng and out-crossing. We  have conducted a reﬁned
ecurrent selection which includes the following basic procedures:
) individual seeds with high oil content were selected from a
ase population by screening the base population using NMR; 2)
elected seeds were planted and a new generation of seeds were
roduced through the mixed pollination system; 3) the new gener-
tion of seeds forms a new population for a next cycle of screening
nd selection. We  note that during our selection, we did not observe
ny adverse effect on plant growth and morphology. The mixed
ollination system apparently avoided inbreeding depression.
.1. Oil content
Initial selection was performed on a base population of 233
eeds (Cycle 0). The oil content in the base population ranged from
0.13% to 57.49% with an average of 50.33% (Table 1, Fig. 1). Top 30
eeds with oil content ≥ 53% were planted in a greenhouse and 770
ature seeds (or Cycle 1) were collected and analyzed for oil con-
ent. The oil content in Cycle 1 ranged from 44.34% to 58.65% with
n average of 53.87% (Table 1). The shift in the mean oil content
f Cycle 1 showed a 3.54% increase, with a 95% lower conﬁdence
imit of 3.28%. To further improve seed oil content, top 30 seeds of
ycle 1 with oil content ≥ 56% were planted in the greenhouse and
859second cycle seeds (Cycle 2) were collected. The oil content in
ycle 2 ranged from 45.26% to 59.16% with an average of 54.47%
Table 1, Fig. 1). Cycle 2 exhibited an increase of mean oil content
f 4.14% compared with that of Cycle 0. From Cycle 1 to Cycle 2, a
.6% increase in mean oil content was observed. In addition to theFig. 1. Comparisons of frequency distributions of oil content in Cycle 0, Cycle 1and
Cycle 2 of individual castor seeds.
increase of mean oil content, we also observed reduction of natural
variability in oil content after the selection. The original base popu-
lation had standard deviation of 2.98%, which was reduced to 1.93%
in Cycle 1 and 1.62% in Cycle 2 (Table 1). Besides, the range of seed oil
content (minimum to maximum) was also reduced from 17.36% in
Cycle 0 to 14.31% in Cycle 1 and 13.9% in Cycle 2 (Table 1). Therefore,
the average seed oil content was increased because the frequency of
seeds with low oil content was  reduced and the frequency of seeds
with high oil content was increased after our selection (Fig. 1).
Based on the survey of 1033 castor accessions from United States
Department of Agriculture (USDA), seed oil content ranged from
37.2–60.6% with an average of 48.2% (Wang et al., 2010). The vari-
ation range and sample distribution formed a normal distribution
with 70% accessions having oil content between 45% and 51% (Wang
et al., 2010). Impala Cycle 0 had a mean oil content of 50.33% which
is comparable to that of most castor accessions. However after one
recurrent selection, Cycle 1 increased oil content to an average of
53.87% which falls into the top 2% of the entire USDA castor collec-
tion. Additional recurrent selection increased the mean oil content
to 54.47% which put Cycle 2 to the top 1% of the USDA collec-
tions. Our results indicate that single seed recurrent selection is
an effective method to increase a population mean of oil content in
castor.
In our two  selection cycles, we observed a quick drop of selec-
tion efﬁciency on oil content. The ﬁrst cycle increased mean oil
content from 50.33% to 53.87%, which represents about 7% mean
improvement. Whereas the second cycle increased from 53.87% to
54.47%, representing only 1% improvement. A wide range of selec-
tion responses of oil content to number of cycles or generations wes
reported among species with different genetic background and ini-
tial genetic variability. In maize, 54 to 70 genes were estimated
to affect oil content (Dudley, 2007). It took 110 cycles of recur-
rent selection to develop Illinois High Oil strain from mean oil 5%
to 20% (Lucas et al., 2013). In oat, the initial starting background
was an F1 hybrid between a cultivar and a wild relative, which
had large genetic variances and resulted in a linear increase of
groat-oil content during nine cycles of selection (Frey and Holland,
1999). Although the number of genes controlling castor oil content
is unknown, the Impala base population is a cultivar rather than an
F1 hybrid, thus one possible reason for the lower rate of increase
in the second cycle could be due to low initial genetic variability in
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Wang, M.L., Morris, J.B., Pinnow, D.L., Davis, J., Raymer, P., Pederson, G.A., 2010. A
survey of the castor oil content, seed weight and seed-coat colour on theig. 2. Comparisons of frequency distributions of seed weight in Cycle 0, Cycle 1and
ycle 2 of individual castor seeds.
he base population, which may  have limited the genetic potential
or further enhancement in oil content. A similar phenomenon was
eported in soybean (Feng et al., 2004). Another possibility could
e the existence of a biological upper limit of oil content in castor
eeds. There are only two accessions found to have extremely high
il content (57.1% and 60.6%) among 1103 USDA castor germplasms
Wang et al., 2010). The 54.47% mean oil content gained in our
ycle 2 population places the new Impala cultivar to the top 1%
f the entire USDA castor collections. It is likely that in our selec-
ion process, we have closely approached the genetic ceiling of
mprovement.
.2. Seed weight
Seed weight is one of the important yield components. It is of
nterest to know if the selection of seeds with higher oil content
ssociated with a change of seed weight in the populations. As
hown in Table 1, single seed weight from base population (Cycle
) ranged from 0.30–0.56 g with an average of 0.44 g (±0.06 g, SD).
he correlation between oil content and seed weight was moderate
r = 0.43, p < 0.0001). After selection, seed weight range extended
o heavier side, showing 0.34–0.65 g in Cycle 1 and 0.34–0.71 g
n Cycle 2 (Table 1, Fig. 2). The average seed weight and the cor-
elation were also increased, showing 0.50 g (±0.06 g, SD) and
 = 0.63 (p < 0.0001) in Cycle 1, and 0.54 g (±0.06 g, SD) and r = 0.77
p < 0.0001) in Cycle 2 (Table 1, Fig. 2). The strong correlation after
 cycles of selection indicated that seeds with higher oil content
ere frequently associated with heavier seeds. Our results are
imilar to a previous reported castor cultivar BRS Energia, where
eavier seeds (0.45 g/seed) have higher oil content (54.7%) com-
ared with lighter seeds (0.25 g/seed, 48.2% oil content) (Severino
t al., 2015). Detailed characterization of seed morphology indi-
ated that in BRS Energia, when seeds were de-coated (which were
ainly endosperm tissue containing oil), there was little variation
n average oil content between a light 0.25-g seed and heavy 0.45-g
eed, estimated at 67% and 68.9% respectively. In fact, the ratio of
eed coat to seed weight in heavier seeds (or larger seeds) were
educed, or in other words, the larger seed would have proportion-
lly less seed coat than the smaller seed. Furthermore, the heavier
eeds (or larger seeds) were found to associate with seeds with
igher density in BRS Energia (Severino et al., 2015). Thus it is
ikely that lighter seeds might hold empty spaces inside seeds. The
elationships among seed oil content, seed weight, seed coat and
ndosperm characteristics in Impala remained to be investigated.
onetheless, our ﬁnding suggests that it might be possible to fur-
her increase the seed oil content by screening larger or heavier
eeds. Despite of the strong correlations between seed oil con-
ent and weight observed in Impala and BRS Energia, there was  no
igniﬁcant correlation found among 40 different castor genotypes
r = 0.014, p = 0.49) (Severino et al., 2015). A very weak correlation Products 94 (2016) 586–588
(r = 0.157, p < 0.0001) between seed weight and oil content was
reported among 1033 USDA castor accessions (Wang et al., 2010).
Therefore, a strong positive correlation between seed oil content
and weight likely only exists among seeds of the same castor cul-
tivar.
4. Conclusions
We  have demonstrated that recurrent selection through screen-
ing single seed is an effective method to improve oil content in
castor. Two cycles of recurrent selection increased the mean oil
content of Impala from 50.33% to 54.47%. The new Impala scores
the top 1% of 1103 castor lines collected by USDA. As a consequent
result, we found seed weight was  also increased after the selection.
A strong correlation identiﬁed between seed oil content and weight
allows further improvement of oil content by screening heavier or
larger seeds in a population.
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